Abstract: This review covers literature data summarizing, on one hand, the chemistry of essential oils and, on the other hand, their most important activities. Essential oils, which are complex mixtures of volatile compounds particularly abundant in aromatic plants, are mainly composed of terpenes biogenerated by the mevalonate pathway. These volatile molecules include monoterpenes (hydrocarbon and oxygenated monoterpens), and also sesquiterpenes (hydrocarbon and oxygenated sesquiterpens). Furthermore, they contain phenolic compounds, which are derived via the shikimate pathway. Thanks to their chemical composition, essential oils possess numerous biological activities (antioxidant, anti-inflammatory, antimicrobial, etc . . . ) of great interest in food and cosmetic industries, as well as in the human health field.
Introduction
The attraction of medicinal and aromatic plants is continuously growing due to increasing consumers demand and interest in these plants for culinary, medicinal, and other anthropogenic applications.
As consumers are becoming more and more informed about issues of food, health, and nutrition, they are also becoming aware of the benefits and potential applications of medicinal and aromatic plants and their metabolites. These plants produce a large variety of secondary metabolites; among them, essential oils.
Despite their rich and complex composition, the use of essential oils remains wide and limited to the cosmetics and perfumery domains. It is worthy to develop a better understanding of their chemistry and the biological properties of these extracts and their individual components for new and valuable applications in human health, agriculture, and the environment. Essential oils could be exploited as effective alternatives or complements to synthetic compounds of the chemical industry, without inducing the same secondary effects.
• Flowers, of course, including: orange, pink, lavender, and the (clove) flower bud or (ylang-ylang) bracts, • Leaves, most often, including: eucalyptus, mint, thyme, bay leaf, savory, sage, pine needles, and tree underground organs, e.g., roots (vetiver), • Rhizomes (ginger, sweet flag), • Seeds (carvi, coriander), • Fruits, including: fennel, anise, Citrus epicarps, • Wood and bark, including: cinnamon, sandalwood, rosewood.
Chemistry of Essential Oils
Essential oils are produced by various differentiated structures, especially the number and characteristics of which are highly variable. Essential oils are localized in the cytoplasm of certain plant cell secretions, which lies in one or more organs of the plant; namely, the secretory hairs or trichomes, epidermal cells, internal secretory cells, and the secretory pockets. These oils are complex mixtures that may contain over 300 different compounds [4] . They consist of organic volatile compounds, generally of low molecular weight below 300. Their vapor pressure at atmospheric pressure and at room temperature is sufficiently high so that they are found partly in the vapor state [5, 6] . These volatile compounds belong to various chemical classes: alcohols, ethers or oxides, aldehydes, ketones, esters, amines, amides, phenols, heterocycles, and mainly the terpenes. Alcohols, aldehydes, and ketones offer a wide variety of aromatic notes, such as fruity ((E)-nerolidol), floral (Linalool), citrus (Limonene), herbal (γ-selinene), etc.
Furthermore, essential oil components belong mainly to the vast majority of the terpene family ( Figure 1 ). Many thousands of compounds belonging to the family of terpenes have so far been identified in essential oils [7] , such as functionalized derivatives of alcohols (geraniol, α-bisabolol), ketones (menthone, p-vetivone) of aldehydes (citronellal, sinensal), esters (γ-tepinyl acetate, cedryl acetate), and phenols (thymol).
Essential oils also contain non-terpenic compounds biogenerated by the phenylpropanoids pathway, such as eugenol, cinnamaldehyde, and safrole. Biogenetically, terpenoids and phenylpropanoids have different primary metabolic precursors and are generated through different biosynthetic routes (Figure 2 ). The pathways involved in terpenoids are the mevalonate and mevalonate-independent (deoxyxylulose phosphate) pathways, whereas phenylpropanoids originate through the shikimate pathway [8, 9] . Some authors have reviewed the biosynthetic pathways of terpenoids and phenylpropanoids, respectively, the enzymes and enzyme mechanisms involved, and information about genes encoding for these enzymes [8, 9] .
Essential oils have a very high variability of their composition, both in qualitative and quantitative terms. Various factors are responsible for this variability and can be grouped into two categories:

Intrinsic factors related to the plant, and interaction with the environment (soil type and climate, etc.) and the maturity of the plant concerned, even at harvest time during the day,  Extrinsic factors related to the extraction method and the environment.
The factors that determine essential oil yield and composition are numerous. In some cases, it is difficult to isolate these factors from each other as they are interrelated and influence each other. These parameters include the seasonal variations, plant organ, and degree of maturity of the plant, geographic origin, and genetics [10] [11] [12] . Biogenetically, terpenoids and phenylpropanoids have different primary metabolic precursors and are generated through different biosynthetic routes (Figure 2 ). The pathways involved in terpenoids are the mevalonate and mevalonate-independent (deoxyxylulose phosphate) pathways, whereas phenylpropanoids originate through the shikimate pathway [8, 9] . Some authors have reviewed the biosynthetic pathways of terpenoids and phenylpropanoids, respectively, the enzymes and enzyme mechanisms involved, and information about genes encoding for these enzymes [8, 9] .
• Intrinsic factors related to the plant, and interaction with the environment (soil type and climate, etc.) and the maturity of the plant concerned, even at harvest time during the day, • Extrinsic factors related to the extraction method and the environment.
The factors that determine essential oil yield and composition are numerous. In some cases, it is difficult to isolate these factors from each other as they are interrelated and influence each other. These parameters include the seasonal variations, plant organ, and degree of maturity of the plant, geographic origin, and genetics [10] [11] [12] .
Several techniques are used for the trapping of volatiles from aromatic plants. The most often used device is the circulatory distillation apparatus described by Cocking and Middleton [13] introduced in the European Pharmacopoeia and several other pharmacopoeias. This device consists of a heated round-bottom flask into which the chopped plant material and water are placed and which is connected to a vertical condenser and a graduated tube, for the volumetric determination of the oil. At the end of the distillation process, the essential oil is separated from the water phase for further investigations. The length of distillation depends on the plant material to be investigated. It is usually fixed to 3-4 h. Several techniques are used for the trapping of volatiles from aromatic plants. The most often used device is the circulatory distillation apparatus described by Cocking and Middleton [13] introduced in the European Pharmacopoeia and several other pharmacopoeias. This device consists of a heated round-bottom flask into which the chopped plant material and water are placed and which is connected to a vertical condenser and a graduated tube, for the volumetric determination of the oil. At the end of the distillation process, the essential oil is separated from the water phase for further investigations. The length of distillation depends on the plant material to be investigated. It is usually fixed to 3-4 h.
A further improvement was the development of a simultaneous distillation-solvent extraction device by Likens and Nickerson in 1964 [14] . The device permits continuous concentration of volatiles during hydrodistillation in one step using a closed-circuit distillation system. A further improvement was the development of a simultaneous distillation-solvent extraction device by Likens and Nickerson in 1964 [14] . The device permits continuous concentration of volatiles during hydrodistillation in one step using a closed-circuit distillation system.
Biological Activities of Essential Oils

Antibacterial Activity
The antimicrobial properties of essential oils and of their constituents have been considered [15, 16] and the mechanism of action has been studied in detail [17] . An important feature of essential oils are their hydrophobicity, which allows them to partition into lipids of the cell membrane of bacteria, disrupting the structure, and making it more permeable [18] . This can then cause leakage of ions and other cellular molecules [19] [20] [21] [22] . Although a certain amount of leakage of bacterial cells can be tolerated without loss of viability, greater loss of cell contents or critical output of molecules and ions can lead to cell death [23] .
EOs and/or their constituents can have a single target or multiple targets of their activity. For instance, trans-cinnamaldehyde can inhibit the growth of Escherichia coli and Salmonella typhimirium without disintegrating the OM or depleting intracellular ATP. Similar to thymol and carvacrol, trans-cinnamaldehyde likely gains access to the periplasm and deeper portions of the cell [24] . Carvone is also ineffective against the OM and does not affect the cellular ATP pool [25] .
It has been reported that EOs containing mainly aldehydes or phenols, such as cinnamaldehyde, citral, carvacrol, eugenol, or thymol were characterized by the highest antibacterial activity, followed by EOs containing terpene alcohols. Other EOs, containing ketones or esters, such as β-myrcene, α-thujone, or geranyl acetate, had much weaker activity, while volatile oils containing terpene hydrocarbons were usually inactive [26, 27] .
Generally, essential oils characterized by a high level of phenolic compounds, such as carvacrol, eugenol, and thymol, have important antibacterial activities [17, 26, 28] .
These compounds are responsible for the disruption of the cytoplasmic membrane, the driving force of protons, electron flow, active transport, and also coagulation of cell contents [18, 23, 29] .
The chemical structure of essential oils affects their mode of action concerning their antibacterial activity [28] . The importance of the presence of hydroxyl group in the phenolic compounds, such as carvacrol and thymol, was confirmed [22, 28, 30] . However, the relative position of the phenolic hydroxyl group on the ring does not appear to influence the intensity of the antibacterial activity.
The action of thymol against Bacillus cereus, Staphylococcus aureus, and Pseudomonas aeruginosa appears to be comparable to that of carvacrol, for example [17, 22] . However, carvacrol and thymol act differently against Gram-positive and Gram-negative species [28] . Thymol, eugenol, and carvacrol have an antimicrobial effect against a broad spectrum of bacteria: Escherichia coli, Bacillus cereus, Listeria monocytogenes, Salmonella enterica, Clostridium jejuni, Lactobacillus sake, Staphylococcus aureus, and Helicobacter pyroli [31, 32] . Other families of compounds also have valuable antibacterial properties: certain alcohols, aldehydes, and ketones, monoterpene (geraniol, linalol, menthol, terpineol, thujanol, myrcenol, citronelîaî, neral, thujone, camphor, carvone, etc.), phenylpropanes (cinnamaldehyde), and monoterpenes (γ-terpinene, p-cymene). Among these compounds, carvacrol is the most active. Known to be non-toxic, it is used as a preservative and food flavoring in drinks, sweets, and other preparations.
It is important to mention that essential oils are more active against Gram-positive than Gram-negative bacteria [33] [34] [35] [36] [37] . The latter are less susceptible to the action of essential oils with the outer membrane surrounding the cell wall that restricts the diffusion of hydrophobic compounds through its lipopolysaccharide film [36] . Furthermore, the antibacterial activity of essential oils related to their chemical composition, the proportions of volatile molecules, and their interactions [28, 33, 37] .
An additive effect is observed when the combination is equal to the sum of the individual effects. Antagonism is observed when the effect of one or both compounds is less important when they are tested together than when used individually [38] .
A synergistic effect is observed when the combination of substances is greater than the sum of the individual effects [39] . Some studies have shown that the use of the whole essential oil provides an effect which is greater than that of the major components used together [40] . This suggests that minor components are essential for activity and may have a synergistic effect.
It has been reported additive and synergistic effects of the combinations of 1,8-cineole and aromadendrene against methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) and Enterococcus faecalis by using checkerboard and time-kill assays, respectively [41] .The combined effects of plant volatile oils and benzoic acid derivatives against L. monocytogenes and S. enteritidis are considered as synergistic since the combined components allowed ≥log10 higher inhibition than the sum of the inhibitory effects of the components used separately [42] . Increased antifungal effects were caused by combinations (1:5, 1:7, and 1:9) of essential oils of S. aromaticum (clove) and Rosmarinus officinalis against C. albicans [43] . Moreover, Lambert et al. (2001) [17] reported that, combined, carvacrol and thymol showed additive effects against S. aureus and P. aeruginosa by using half-fold dilutions within the Bioscreen plat.
Two hypotheses have been proposed to explain synergistic effects of cinnamaldehyde/thymol or cinnamaldehyde/carvacrol against S. typhimurium: proving, on one hand, that thymol or carvacrol could increase the permeability of the cytoplasmic membrane, and probably enable cinnamaldehyde to be more easily transported into the cell, and, on the other hand, that thymol or carvacrol could increase the number, size, or duration of the existence of the pores created by the binding of cinnamaldehyde to proteins in the cell membrane [44] . These facts justify a synergistic effect achieved when these two components are used in combination. Mechanisms of interaction that produced antagonistic effects were less studied [45] .
In addition, essential oils have also revealed to be effective on the inhibition of growth and reduction in numbers of the more serious foodborne pathogens, such as Salmonella spp., E. coli O157:H7, and Listeria monocytogenes [42] .
Antioxidant Activity
Numerous studies have demonstrated the antioxidant properties of essential oils. The antioxidant potential of an essential oil depends on its composition. It is well established that phenolics and secondary metabolites with conjugated double bonds usually show substantial antioxidative properties [46] . Most of the essential oils are dominated by oxygenated monoterpenes such as alcohols (Achillea filipendulina), aldehydes (Galagania fragrantissima), ketones (Anethum graveolens, Artemisia rutifolia, Hyssopus seravschanicus, Mentha longifolia, and Ziziphora clinopodioides), and esters (Salvia sclarea).
Artemisia absinthium and Artemisia scoparia predominantly contain monoterpene hydrocarbons, whereas phenolic terpenoids, such as thymol or carvacrol, characterize Origanum tyttanthum and Mentha longifolia EOs, which would explain why both plants exhibited generally the strongest antioxidant activity. Thymol and carvacrol, which are predominant in Origanum tyttanthum, are also responsible for the antioxidant activity of several other essential oils, such as Mentha longifolia and Thymus serpyllus [47] .
The essential oils of cinnamon, nutmeg, clove, basil, parsley, oregano, and thyme are characterized by the most important antioxidant properties [43] . Thymol and carvacrol are the most active compounds. Their activity is related to their phenolic structure. These phenolic compounds have redox properties and, thus, play an important role in neutralizing free radicals and also in peroxide decomposition [40] . The antioxidant activity of essential oils is also due to certain alcohols, ethers, ketones, aldehydes, and monoterpenes: linalool, 1,8-CineoIe, geranial/neral, citronellal, isomenthone, menthone, and some monoterpenes: α-Terpinene, β-Terpinene and α-Terpinolene [43] .
Essential oils with important scavenging capacity of free radicals may play an important role in some disease prevention, such as brain dysfunction, cancer, heart disease, and immune system decline. In fact, these diseases may result from cellular damage caused by free radicals [43, 44] .
EOs have shown their action as hepatoprotective agents in ageing polyunsaturated fatty acids mammals and it has been proved that they possess a beneficial impact upon the PUFAs, in particular the long chain C20 and C22 acids [48] . Moreover, essential oils being able to scavenge free radicals may also play an important role in some disease prevention, such as brain dysfunction, cancer, heart disease, and immune system decline [49] . Sharififar et al. (2011) [50] evaluated the antioxidant activity of Zataria multiflora Boiss. (Lamiaceae) essential oil in rats. Antioxidant activity was measured by the test of 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical inhibition and inhibition of lipid peroxidation by measuring the index of thiobarbituric acid reactive substances (TBARs). Three doses of 100, 200, and 400 µL/kg were administered to animals by intra gastric intubation (i.g) routh for 10 days. The blood was collected in eleventh day through direct puncture and the liver was rapidly excised. The histopathology studies of the animals were compared to animals in butylated hydroxyl toluene (BHT) group. The authors reported that all Zataria multiflora oils ZMO tested doses were able to scavenge DPPH radical (p < 0.05). Moreover, ZMO decreased TBARs in a dose-dependent manner. No alteration in liver function test LFT enzymes or changes in histopathology of the liver was considered in ZMO treated groups. The results indicated that ZMO might be used in human healthy and food industry.
According to Manjamalai and Grace [51] , essential oil of Wedelia chinensis (Osbeck) increases both the level of catalase and glutathione peroxidase in the lung and liver tissues, whereas in the serum the level of catalase decreased on the 22nd day (2.32 ± 0.016 Lung tissue 6.47 ± 0.060 liver tissue, 0.94 ± 0.007 serum). Furthermore, the level of Glutathione Peroxidase GPx in the liver (the range) was found to be decreased in the EO-treated group compared to the cancer-induced group and control group, whereas the level of GPx in the lung tissue was found to be low (76.2 ± 1.66).
Anti-Inflammatory Activity
Inflammation is a normal protective response induced by tissue injury or infection and functions to combat invaders in the body (microorganisms and non-self cells) and to remove dead or damaged host cells. The inflammatory response induces an increase of permeability of endothelial lining cells and influxes of blood leukocytes into the interstitium, oxidative burst, and release of cytokines, such as interleukins and tumor necrosis factor-α (TNF-α). It also stimulates the activity of several enzymes (oxygenases, nitric oxide synthases, peroxidases, etc.), as well as the arachidonic acid metabolism. Recently, essential oils have been used in clinical settings to treat inflammatory diseases, such as rheumatism, allergies, or arthritis [45] . Melaleuca alternifolia EO was reported to have a considerable anti-inflammatory activity [46] [47] [48] .This activity is correlated with its major compound: α-terpineol [49] . The active compounds act by inhibiting the release of histamine or reducing the production of inflammation mediators. Geranium essential oil is another example [45] . Linalool and linalyl acetate showed anti-inflammatory activity on oedema of paw-induced mouse carrageenan [50] . Yoon et al. [52] reported that the oils of Torreya nucifera Siebold et Zucc. oil, mainly constituted by limonene, δ-3-carene, and α-pinene, have an inhibitory effect on COX-2, thus inducing a significant inhibitory effect on prostaglandin (PGE2) production. Furthermore, 1,8-cineole, present in many essential oils, was reported as an inhibitor of leukotrienes (LTB4) and PGE2, biogenerated both from pathways of arachidonic acid metabolism [52] .
The anti-inflammatory activity of essential oils may be attributed not only to their antioxidant activities but also to their interactions with signaling cascades involving cytokines and regulatory transcription factors, and on the expression of pro-inflammatory genes. Essential oils, therefore, represent a new option in the treatment of inflammatory diseases.
Cancer Chemoprotective Activity
The varied therapeutic potential of essential oils attracted, in recent years, the attention of researchers for their potential activity against cancer. They and their volatile constituents of the studies target the discovery of new anticancer natural products [41] . Essential oils would act in the prevention of cancer, as well as at its removal. It is well known that certain foods, such as garlic and turmeric, are good sources of anticancer agents [53] . Garlic essential oil is a source of sulfur compounds recognized for their preventive effect against cancer [54, 55] . Diallylsulfide, diallyldisulfide, and diallyltrisulfide are examples. According to Wu et al. [56] , these compounds activate, in rats, the enzymes involved in the detoxification process of hepatic phase 1 (disintegration of chemical bonds that link carcinogenic toxins to each other) and phase 2 (bonds to toxins released detoxifying enzymes, such as glutathione S-transferase).
Metabolism happens mainly in the liver, the body's largest internal organ. The portal vein carries blood from the small intestine directly to the liver. Sixty percent of liver tissue is made up of hepatic cells. More chemical processes happen in these than in any other group of cells in the body. Phase 1 metabolism involves chemical reactions, such as oxidation (most common), reduction, and hydrolysis. There are three possible results of phase 1 metabolism. The drug becomes completely inactive. In other words, the metabolites are pharmacologically inactive. One or more of the metabolites are pharmacologically active, but less so than the original drug. The original substance is not pharmacologically active, but one of its metabolites is. The original substance is called a prodrug.
Phase 2 metabolism involves reactions that chemically change the drug or phase 1 metabolites into compounds that are soluble enough to be excreted in urine. In these reactions, the molecule (drug or metabolite) is attached to an ionisable grouping. This is called conjugation and the product is called a conjugate. Metabolites formed in phase 2 are unlikely to be pharmacologically active. Some drugs undergo either phase 1 or phase 2 metabolism, but most undergo phase 1 metabolism followed by phase 2 metabolism.
Another example is myristicin, an allylbenzene present on a certain essential oil, especially that of nutmeg (Myristica fragrans). This molecule is known to activate glutathione S-transferase in mice [57] and inhibit carcinogenesis induced by benzo(a)pyrene in the lungs of mice [58] . Recently, it has been discovered that myristicin induces apoptosis in neuroblastoma (SK-N-SH) in humans [58] . There are other volatile compounds that showed a cytotoxic activity against various cancer cell lines [43] . Geraniol decreases the resistance of colon cancer cells (TC118) to 5-fluorouracil, an anticancer agent. Therefore, geraniol enhances this inhibitory effect of tumour growth 5-fluorouracil [59, 60] . The essential oil of balsam fir and α-Humulene, showed significant anticancer activity in several cell lines and low toxicity to healthy cells [61] .
In addition, anticancer activity of D-limonene, the main component of Citrus essential oil has been proven, especially at the level of stomach cancer and liver [62] . The α-Bisabolol, an abundant sesquiterpene alcohol in chamomile essential oil (Matricaria), has an antigliomale activity [63] . Many essential oils have a cytotoxic activity namely Melissa officinalis [64] , Melaleuca alternifolia [65] , Artemisia annua [66] , and Comptonia peregrina [67] .
Cytotoxicity
Due to their complex chemical composition, essential oils have no specific cellular ligands [21] . As lipophilic mixtures, they are able to cross the cell membrane and degrade the layers of polysaccharides, phospholipids and fatty acids, and permeabilize. This cytotoxicity appears to include such membrane damage. In bacteria, the membrane permeabilization is associated with the loss of ions and the reduction of the membrane potential, the collapse of the proton pump and the depletion of the ATP pool [22, [68] [69] [70] . Essential oils may coagulate the cytoplasm [17] and damage lipids and proteins [22, 40] . Damage to the wall and the cell membrane can lead to the leakage of macromolecules and lysis [17, 20, 71] .
In addition, essential oils change membrane fluidity, which becomes abnormally permeable, resulting in a leakage of radicals, cytochrome C, the Ca 2+ ions, and proteins, like in the case of oxidative stress. This permeabilization of the outer and inner membranes causes cell death by apoptosis and necrosis [72, 73] . Ultrastructural alteration of the cell can be observed at a plurality of compartments [52, 74, 75] . The interruption of the viral envelope herpes simplex virus HSV by essential oils can also be observed by electron microscopy [76] . The induction of membrane damage was also confirmed by an analysis showing that microtubule Saccharomyces cerevisiae genes involved in the biosynthesis of ergosterol, the absorption of sterols, lipid metabolism, the structure and function of cell wall cellular detoxification, and transport are affected by treatment with α-terpinene [77] .
Recent work on the yeast Saccharomyces cerevisiae, has shown that the cytotoxicity of some essential oils based on the ability to form colonies differs significantly in relation to their chemical composition. Generally, essential oil cytotoxicity mainly correlates to the presence of phenols, alcohols, and monoterpene aldehydes [78, 79] . The cytotoxic properties of essential oils are of great importance because they assume their use not only against certain human pathogens and animal parasites, but also in the preservation of agricultural and marine products against microbial attack. Indeed, some components of essential oils are effective against a variety of microorganisms as bacteria [80] , viruses [81] , fungi [77, [82] [83] [84] , protozoa [85] , parasites [86] [87] [88] , mites, and others.
In addition, α-humulene shows cytotoxicity against breast cancer cells in vitro. α-humulene was reported to be responsible for cytotoxicity (CI 50 55 mM) [89] . It induced a dose-and time-dependent decrease in cellular glutathione (GSH) content and an increase in reactive oxygen species (ROS) production.
Furthermore, Zeytinoglu et al. [90] , focusing on the effects of carvacrol, one of the main compounds in the EO of oregano, on the DNA synthesis of N-ras transformed mouse myoblast CO25 cells, finding that this monoterpenic phenol was able to inhibit the DNA synthesis in the growth medium and ras-activating medium, which contained dexamethasone. They proposed that it may be valuable in cancer therapy because of its growth inhibition of myoblast cells, even after activation of mutated N-ras-oncogene.
The EO of the Anonaceae Xylopia aethiopica (Ethiopian pepper), a plant grown in Nigeria, showed, at a concentration of 5 mg/mL, a cytotoxic effect in the carcinoma cell line (Hep-2) [91] .
Moreover, Yu et al. [92] tested the essential oil of the rhizome of the Aristolochiaceae Aristolochia mollissima for its cytotoxicity on four human cancer cell lines (ACHN, Bel-7402, Hep G2, HeLa). The rhizome oil possessed a significantly greater cytotoxic effect on these cell lines than the oil extracted from the aerial plant.
Linalool inhibited only moderate cell proliferation; however, in subtoxic concentrations potentiates doxorubicin-induced cytotoxicity and proapoptotic effects in both cell lines, MCF7 WT and MCF7 AdrR. This monoterpene improves the therapeutic index in the management of breast cancer, especially multidrug resistance (MDR) tumors [93] .
An in vitro cytotoxicity assay indicated that the EO of Cyperus rotundus (Cyperaceae) characterized by the predominance of cyperene, α-Cyperone, isolongifolen-5-one, rotundene, and cyperorotundene, was very effective against L1210 leukemia cells, which correlates with significantly increased apoptotic DNA fragmentation [94] .
Allelopathic Activity
According to the International Allelopathy Society (IAS), allelopathy was defined in 1996 as "The science that studies any process involving secondary metabolites produced by plants, algae, bacteria and fungi that influences the growth and development of agricultural and biological systems". Allelopathic interactions derive from the production of secondary metabolites. The secondary metabolites are synthesized for a wide range defense by plant and microorganisms. The secondary metabolites involved are called allelochemicals [95] .
Volatile oils and their constituents are being explored for weed and pest management, and are viewed as an important source of lead molecules in agriculture [96] . Bioactive terpenoids constitute an important part of the defensive mechanisms of a large number of organisms and represent a fairly untapped source of active compounds of potential use both in the agricultural field [97] . In fact, a large number of highly phytotoxic allelochemicals are derived from the terpenoid pathway [98] and the phytotoxicity of essential oils has been investigated [98] [99] [100] [101] . The allelopathic activity of Melaleuca alternifolia (Maiden and Betche) Cheel (tea tree) essential oil was investigated by Angelini et al., [101] against Trichoderma harzianum, which is a fungal contaminant that causes extensive losses in the cultivation of Pleurotus species. This essential oil has, in vitro, an allelopathic ability to control Trichoderma harzianum. The antifungal activity of M. alternifolia essential oil and antagonist activities between Pleurotus species against three T. Harzianum strains were studied in dual-culture experiments done with different concentrations.
Santos et al. [102] reported that leaves' and rhizomes' EOs caused a decrease in dry matter. They also reported a reduction of shoot length in lettuce seedlings. Evaluating the effect of these EOs on the germination and vigor of the lettuce seedlings, they noticed a reduction of these parameters and concluded that rhizomes' oil caused a greater reduction in all of the variables than the oil from the leaves.
Portulaca oleracea seeds' germination and growth were significantly decreased by the treatment with rosemary EO [103] . These authors reported that a concentration of 1000 ppm of this oil, rosemary decreased Portulaca oleracea seed germination to 76 percent. They also noted that Artemisia and lavender essential oils have strong allelopathic effects and prevents weed germination and growth of Portulaca oleracea, which would be a promising result in the organic cultivation of crops to be followed, and it can be used in the production of herbicides with natural origin.
Furthermore, de Oliveira et al. [104] reported that Callistemon viminalis EO affected the growth of lettuce seedlings and caused a reduction in the length of shoots and the root system. This reduction was proportional to the EO concentration.
The results of the research of Saad and Abdelgaleil [105] revealed a correlation between EOs chemical composition and their effects on germination and seedling growth. It was reported that the most active compounds belonged to the groups of ketones and alcohols and were followed by the group of aldehydes and phenols [106] . Moreover, Kotan et al. [107] suggested that, in general, a potent phytotoxic activity of plant EOs is correlated to a high amount of oxygenated monoterpenes.
Almost all the effective oils had high percentages of oxygenated monoterpenes and this was in agreement with previous work of de Almeida et al. and Vokou et al. [108, 109] .
Dudai et al. [103] reported that monoterpenes act on seeds at very low levels. In particular, among the Lamiaceae family, many species release phytotoxic monoterpenes that hinder the development of herbaceous species, including pinene, limonene, p-Cymene, and 1,8-cineole [101] . Moreover, it is well known that monoterpenes in the essential oils have phytotoxic effects that may cause anatomical and physiological changes in plant seedlings leading to accumulation of lipid globules in the cytoplasm, reduction in some organelles such as mitochondria, possibly due to inhibition of DNA synthesis or disruption of membranes surrounding mitochondria and nuclei [110, 111] . Since the continued use of synthetic herbicides may threaten sustainable agricultural production and result in serious ecological and environmental problems, essential oils with allelopatic properties could be exploited as in alternative strategies leading to the development of biodegradable and non-toxic compounds [112] .
Repellent and Insecticidal Activity
Essential oils constitute a rich bank of structurally-diverse compounds with a variety of insecticidal and repellent mechanisms. Numerous studies have demonstrated that these compounds, as well as their parent blends, possess biological activity capable of eliciting adverse effects in arthropod pests. Several factors affecting the commercialization of plant essential oil extracts as repellents include regulatory requirements, intellectual property value, biological activity, product performance, and product quality [113] .
The toxic effect of essential oils was not only suitable for granary insects but also for flying insects: Gaultheria (Ericaceae) and Eucalyptus (Myrtaceae) oils exhibited very high killing power on insects, such as the rice weevil Sitophilus oryzae, the beetles Callosobruchus chinensis (Coleoptera: Bruchidae) and S. paniceum, and also on M. domestica [114] . Actually, the activities of essential oils on species are manifold. Mentha, Lavandula (Lamiaceae), or Pinus (Pinaceae) essential oils were noted for their toxicity against Myzus persicae (Homoptera: Aphididae) and the greenhouse white fly Trialeurodes vaporariorum (Homoptera: Aleyrodidae), as well as the Colorado beetle Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) and the pear bug Stephanitis pyri (Hymenoptera: Stephanidae) [115] .
Commonly, essential oils can be inhaled, ingested, or skin-absorbed by insects. The fumigant toxicity of essential oils and their main components, the volatile monoterpenes, has been described [116] . Insects were also very sensitive to topical applications Sitophilus zea-mais (Coleoptera: Curculionidae), Tribolium castaneum and Prostephanus truncatus (Coleoptera: Bostrychidae) reacted to citrus (Rutacae) essential oils. Pediculus capitis (Anoplura: Pediculidae), Anopheles funestus (Diptera: Culicidae), Cimex lectularius (Hemiptera: Cimicidae), and Periplaneta orientalis (Dictyoptera: Blattidae) were killed by contact with Eucalyptus saligna (Myrtaceae) oil within 2 to 30 min.
Essential oils belonging to plants in the citronella genus (Poaceae) are commonly used as ingredients of plant-based mosquito repellents, mainly Cymbopogon nardus, which is sold in Europe and North America in commercial preparations [117] .
Conclusions
Thanks to their numerous biological activities, essential oils have to be valorized via several domains, mainly human health, green chemistry, and sustainable agriculture. However, numerous investigations should be carried out on their mode of action and their probable toxicological effects in order to optimize their potential uses.
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